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Current lithium ion batteries are comprised of organic liquid electrolytes - a mixture of 
lithium salts and binary solvents such as ethylene carbonate (EC) and dimethyl carbonate 
(DMC). The main drawbacks of this liquid mixture related to safety are flammability of 
the organic solvents and chemical instability with the electrode materials. To date, 
various ceramic and polymer materials have been considered which overcome safety 
issues. However, a common problem of these solid state materials is that they are not able 
to provide high ionic conductivity at ambient temperatures. Garnet-type cubic 
Li7La3Zr2O12 ceramic material has attracted much interest because of its high ionic 
conductivity and stability with Li metal. In addition to that, polyethylene oxide (PEO) is 
known as an ionic conducting polymer and has been extensively investigated. The Li7-
xLa3Zr2-xBixO12 (LLZBO) composition was synthesized by Pechini sol-gel method, 
incorporating a mixture of dissolved salts into nitric acid. After calcination of the 
product, a ball milling procedure was developed to reduce particle size and various 
contents of ceramic, salts and polymer solid composite membranes were formed during 
the ball milling operation. Different LLZBO, PEO and Li salt contents were examined to 
xii 
 
obtain the highest ionic conductivity at room temperature and the optimum composition 
for the composite electrolyte was identified.
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CHAPTER 1. INTRODUCTION 
1.1 Literature Review 
The present energy economy based on fossil fuels has many risks because of increasing 
CO2 emission, constant increase in demand for oil and dependency with politically 
unstable but oil-rich countries1. CO2 emission became one of the biggest environmental 
problems of society, especially urban areas are mostly affected because of internal 
combustion engines of transportation vehicles-mostly cars. The only solution for 
transportation needs is non-combustion engine electric vehicles (EV) or at least CO2 
emission controlled full hybrid electric vehicles(HEV). Therefore, investments not only 
on EVs but also on renewable energy sources such as solar and wind power are 
increasing. However, all renewable energy power plants including solar power plants and 
wind power plants require highly efficient energy storage systems. Due to the fact that 
lithium ion (Li-ion) batteries have extraordinary energy content, their use rate in the 
global market is continuously increasing. Billions of Li-ion cells are yearly being used as 
energy storage devices in portable electronics such as cell phones, laptops, MP3 players 




Figure 1.1 Global li-ion batteries sale in portable electronics and HEV market1 
 
Lithium ion batteries have aroused significant attention because of their higher 
volumetric and gravimetric energy densities among other rechargeable energy storage 
systems. Those properties make Li-ion batteries the best candidate for portable devices 
and electric vehicles2. Other types such as lead-acid, nickel cadmium, sodium, 
magnesium and aluminum based batteries have significant issues regarding safety, charge 
and discharge rate, cost and service life. The global market for Li-ion batteries reached 10 




1.1.1 Fundamentals of Energy Conversion in Chemical Cells 
Batteries are basically transducers converting chemical energy to electrical energy, and 
vice versa. To have a better understanding about batteries, first it is important to 
understand the driving forces that cause energy conversion.  
X and Y are two metallic materials forming XY when they react. This is represented by  
       
In this case, the driving force for the reaction is the difference of standard Gibbs free 




    
 
Consider two reactants X and Y in contact with each other, XY is produced in time. For 
this reaction to occur, (see Fig. 1.2) either X or Y will move through to its counterpart. 
For instance, if X moves through Y, X will come into contact with Y through diffusion to 
produce XY at X/Y interphase.  Since some XY is produced and X diffused to right side 
to produce XY, X will be decreased and the product XY will increment. Also, producing 
XY will decrease amount of Y and XY/Y interphase will move to right. According to this 





Figure 1.2 Time dependent schematic illustration of X and Y reactants producing XY 
product, adapted from3. 
 
In case of an electric conductor connecting X and Y, and an electrolyte between them, 
one of the species (either X or Y) will diffuse to the other side through the electrolyte. 
This diffusion action involves ion diffusion and for each ion moving through to the other 
side, electrons will be transmitted through the conductor wire to equalize electric charge 
in the system. The electrolyte used between X and Y species should be ionic conductor 
and electronic insulator. Figure 1.3 shows a simple example of ionic and electronic 
transport in such system which is also a basic illustration of how chemical energy storage 




Figure 1.3 A time dependent scheme for ionic and electronic transport in a chemical cell. 
Electronic path was shown twice in order to simplify the figure.  
 
When a voltage higher than the difference of chemical driving forces (chemical 
potentials) is applied in the opposite direction, electrons move in the opposite direction of 
the initially mentioned electronic path.  
1.1.2 Working Principle of Lithium Ion Batteries 
All li-ion batteries comprise of two electrodes namely, a cathode (positive) and an anode 
(negative), a liquid electrolyte and a polymer separator which blocks electron passage but 
allows ions to move back and forth. A graphite anode (mesocarbon microbeads, MCMB) 
and a lithium metal oxide cathode such as LiCoO2, an electrolyte comprised of a solution 
of a lithium salt (e.g. LiPF6) in organic solvents (e.g. ethylene carbonate and dimethyl 
carbonate-EC-DMC) are used in traditional Li-ion cells4. Both electrodes used in Li-ion 
batteries are capable of hosting Li+ ions during charge and discharge. Graphite is used as 
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an anode since its layered structure is available for Li+ ions intercalation5. Moreover, it 
provides excellent interfacial stability and low potential6. LiCoO2 has been widely used 
as a cathode material since it is considered safer and more thermally stable than other 
materials7. Even though initially layered LiNiO2 was considered as a candidate for 
cathode, exothermic oxidation reaction taking place between the electrolyte and 
delithiated LixNiO2 was a disappointment because overheating resulted in safety 
concerns8.  
Li-ion batteries were first commercialized by Sony Corporation in June, 1991. Features 
such as having a potential of 3.7 V (three times that of alkaline batteries), energy 
densities of 150 Whkg-1 and 650 Whl-1 (two times that of Ni-Cd batteries), long cycle life 
and rate capability helped Li-ion batteries capture the portable electronics market 7,9. 
In most common cases, as mentioned before, the anode is graphitic carbon which is able 
to hold Li ions between graphite layers. The cathode is also a layered structure and is 
chosen as Lithium metal oxide due to its high potential. During charge, Li ions are 
removed from cathode and intercalated between anode layers. Reversely, on discharging, 
Li ions exit the anode and move into the cathode through the liquid electrolyte. Figure 1.4 
shows a schematic of a typical Li-ion battery configuration:the electrons and Li ions 
pathways indicate that the battery is being discharged. 
 
    	 
  
        
 
The chemical reaction shown above is the overall reaction of a Li-ion battery during 




Figure 1.4 A Li-ion battery discharge cycle showing the electrons and ions pathways10. 
  
The gravimetric energy density and the electric potential provided by a battery are critical 
in applications. Due to the fact that Li-ion batteries are the best among others in terms of 
providing the highest voltage and energy, they dominate the portable electronics industry. 
Figure 1-5 shows the range of energy density that can be provided by different types of 




Figure 1.5 Comparison of energy densities provided by different battery types 7. 
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batteries. The goal is to optimize energy density and voltage output. Figure 1.6 shows the 





Figure 1.6 Potential versus capacity for anode and cathode materials of Li-based 
rechargeable cells. This figure shows why Li-ion batteries have been used extensively for 




1.1.3 Electrolytes for Li-ion Batteries 
Rechargeable Li-ion batteries are expected to meet requirements for many applications 
such as portable electronics, hybrid and electric vehicles. Even though recently most of 
the research related to Li-ion batteries have focused on advanced anode and cathode 
materials, electrolytes conducting Li-ions between electrodes are vital for the 
performance of the cells9,11,12. Currently, organic liquid electrolytes prepared by 
dissolving salts are used in Li-ion batteries. Alkyl carbonates were considered as the most 
promising solvents about twenty years ago13.  
 
 
Figure 1.7 Electrolyte solutions selection for rechargeable Li-ion batteries (a) Alkyl 
carbonate solvents (b) Electrochemical windows of different solvents with tetraalkyl 




One of the most important discovery related to electrolytes for Li-ion batteries was the 
selection of binary solvent mixtures from ethylene carbonate (EC), ethyl methyl 
carbonate (EMC), dimethyl carbonate (DMC) and diethyl carbonate (DEC). To these 




solutions13,15. Figure 1.7 shows the rationale behind this selection. The potentiodynamic 
response of inert electrodes such as glassy carbon and Pt was measured in non-aqueous 
polar aprotic solvents containing tetraalkyl salts (TAA) (see Figure 1.7b)16. Although 
Figure 1.7b illustrates how a solvent molecule is more anodically stable if it has more 
atoms in high oxidation states, for the case of Li ions in solutions, thermodynamics of 
non-aqueous solutions will be completely different from TAA salt solutions, as shown in 
Figure 1.7c16,17. When all parameters are taken into account to choose the best solutions 
as electrolytes for Li-ion batteries, EC-DMC/LiPF6 is the most desirable solution for 
reasons, such as; 
1. It possesses a high ionic conductivity down to -15 oC14. 
2. Both solvents creating the solution have the highest anodic stability compared to 
all others14. 
3. Solubility of LiPF6 is very high in all alkyl carbonate solvents. Hence, it provides 
a highly ionic conductor solution possessing high anodic stability14. 
4.  Aluminum is the most preferred current collectors for cathodes in Li-ion 
batteries, it is a very good choice as it provides effective passivation in 
LiPF6/alkyl carbonate solutions18. 
5. Reduction products of EC and DMC deposited on graphite electrodes are stable 
and form a highly passivating thin film. This structure is a highly conductive 
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secondary electrolyte interphase (SEI) layer for Li ions and protects the graphite 
during battery operation19,20.  
Despite the fact that this solution is the most promising and preferred it has the following 
drawbacks; 
1. The solution cannot be used below -15 oC due to a dramatic decrease in ionic 
conductivity21.  
2. It is a relatively viscous solution, its usage with porous separators and composite 
electrodes brings severe wetting issues14. Figure 1.8 provides the physical 
properties of the solvents used in electrolytes for Li-ion batteries. 
3. At high temperatures, decomposition of the salt to PF5 and LiF is observed in all 
LiPF6 solutions. Decomposition product PF5 lead to detrimental reactions on the 
anode surface. In addition to that, PF5 produces HF and PF3O upon reacting with 
any moiety such as trace water in the system and HF is known to react with 
LiMO2 and LiMPO4 destructively22. 
Table 1.1 Physical properties of electrolyte solvents23. 
 
Passivating surface films formed on electrodes in non-aqueous Li salt solutions are very 
important for battery performance. Due to the fact that graphite has been the most 
13 
 
important anode material to date, it is crucial to understand the aspects of surface film 
formation on the anode. Figure 1.9 shows the possible scenarios related to surface film 
formation on graphite electrodes. 
 
Figure 1.8 Surface film formation scenarios on graphite electrodes24. (a) Before 
passivating surface films formed at high potentials. (b) At low enough potentials. 
(c)Thick enough films block e- transfer. (d) Upon aging. (e) A dangerous Li metal 
deposition may occur during cathodic polarization. 
 
Active additives in solutions such as Li-bis-oxalato-borate (LiBOB, LiBC4O8) and 
vinylene carbonate (VC) may help to modify the surface chemistry of graphite electrodes 
in terms of being able to react predominantly on the graphite electrodes at higher 
potentials and enhancing the electrodes protection from possible dangerous reactions with 
solution components14,19. In addition to efforts to improve additives in electrolyte 
solutions, recent work aims to develop new solvents and co-solvents for Li-ion batteries. 
As an example of important group of co-solvents are fluorinated alkyl carbonates which 
help improve not only the thermal stability but also electrode passivation25,26. Also, there 
is ongoing research on ionic liquids as new electrolyte solutions because of their high 
14 
 
anodic stability and excellent safety features (non-volatile and non-flammable). However, 
they suffer from their high viscosity that inhibits wettability onto the porous active 
electrode materials, poor ionic conductivity at low temperatures, incompatibility with 
graphite and high cost of manufacturing27.  
Although current Li-ion batteries are mostly comprised of organic solvents/Li salts and 
they exhibit ionic conductivities up to 10-2 S.cm-1 at ambient conditions, there remains 
numerous safety and performance concerns. Besides battery leakage, lithium dendrite 
formation occurring on electrodes not only triggers capacity loss but also causes electrical 
short circuits, sparks and eventually battery explosions. 
1.1.4 Solid State Electrolytes 
Solid state electrolytes (SSE) have drawn significant attention since they offer the 
following potential advantages over their liquid counterparts28,29: 
1. No electrolyte leakage, 
2. No issues related to liquid vaporization, 
3. No phase transitions at low temperatures. 
In spite of the numerous research done on SSE, they are not currently used in Li-ion 
batteries owing to inherent limitations. To use SSEs in Li-ion batteries, they should meet 
the following requirements: 
1. High total ionic conductivity (~10-3 S.cm-1) under ambient and operating 
temperatures, 
2. High compatibility with electrodes and chemical stability, 
3. 5 years of life time, 
4. Derived from environmentally friendly materials, 
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5. Derived from inexpensive process and materials, 
6. Imperceptible electrode-electrolyte interphase impedance. 
A temperature dependent ionic conductivity results of various well know SSEs are shown 
















Crystal (LISICON) Li14ZnGe4O16 1.0 x 10-7 1.3 x 10-1 (300 oC) 
Crystal (thio-LISICON) Li10GeP2S12 1.2 x 10-7 1.3 x 10-1 (100 oC) 
Crystal (thio-LISICON) Li10SnP2S12 4.0 x 10-3 1.0 x 10-2 (60 oC) 
Crystal (garnet) Li6.5La3Nb1.25Y0.75O12 2.7 x 10-4 1.2 x 10-3 (75 oC) 
Crystal (garnet) Li7La3Zr2O12 2.1 x 10-4 7.1 x 10-4 (75 oC) 
Crystal (garnet) Li6.75La3Zr1.75Ta0.25O12 8.7 x 10-4 3.9 x 10-3 (300 oC) 
Crystal (perovskite) Li3xLa(2/3)-xTiO3 (x=0.11) 1.0 x 10-3 5.6 x 10-3 (300 oC) 
Crystal (NASICON) Li1+xAlxTi2-x(PO4)3 (x=0.3) 7.0 x 10-4 1.1 x 10-2 (300 oC) 
Glass 50Li2O-50 (0.5SeO2-0.5B2O3) 8.0 x 10-7 - 
Glass 50Li2S-17P2S5-33LiBH4 1.6 x 10-3 6.4 x 10-3 (100 oC) 
Glass-ceramic Li1.6Al0.6Ge1.4(PO4)3 4.0 x 10-4 1.2 x 10-3 (50 oC) 







1.1.4.1 LISICON and NASICON-type Electrolytes 
Lithium Super Ionic Conductors (LISICONs) are a family of compounds having the 
chemical formula of  Li2+2xZn1-xGeO4 (-0.36  x   0.87)32. Even though these compounds 
have low ionic conductivity under ambient temperature (~10-8 S.cm-1), they provide 
better results at higher temperatures (0.125 S.cm-1 at 300 oC)33. Also, thio-LISICONs are 
a different compound family which was created by replacement of oxygen with sulfur in 
LISICON structure and they exhibit significantly better ionic conductivity results than 
LISICONS at room temperature (2.2 x 10-3 S.cm-1)34. The main disadvantage of 
LISICONs is that they are prone to react with atmospheric CO2 which dramatically 
effects their performance in time. 
Na Super Ionic Conductors (NASICONs) are a different family of solid electrolytes 
having   	
 	 4)3. A site can be occupied by alkali ions (Li+, 
Na+) or alkaline earth ions and M,     	   +2, Co+2), tri (Ti+3, 
Al+3), tetra (Ti4+, Zr4+) or penta (V5+, Nb5+) valent transition metal ions 35. NASICONs 
containing Li have the general formula of LiM2(PO4)3 where M=Zr, Ge, Hf, Sn or Ti35. 
The highest ionic conductivity ~10-6 S.cm-1 , at room temperature has been measured in a 
Ti containing member of NASICONs36. Al doped samples also have shown 2 orders of 
magnitude higher ionic conductivity results37. NASICONs integration to Li-ion batteries 
seems difficult since they tend to react with Li easily and the facile reduction of Ti+4 to 
Ti+3 leads to high electronic conduction. 
1.1.4.2 Perovskite-type Electrolyes  
The general formula of perovskite structures is ABO3. The lithium-lanthanum-titanates 
(LLTOs) have a high bulk ionic conductivity (~10-3 S.cm-1), at room temperature38. 
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LLTOs are comprised of multiple phases, a cubic high-temperature phase with Pm3m 
symmetry ( -LLTO) and a tetragonal low-temperature phase with P4/mmm symmetry 
(-LLTO)31. LLTOs have some advantages over other solid electrolytes such as 
negligible electronic conduction, very high electrochemical stability, wide range 
temperature stability and being lithium single ion conductors. The drawbacks of LLTOs 
include incompatibility with Li metal and low grain boundary conductivity 
(10-5 S.cm-1)39.  
1.1.4.3 Garnet-type Electrolytes 
Thangadurai and Weppner first reported garnet-type solid electrolytes which have a 
general formula of Li5La3M2O12 (M=Ta, Nb)40. They have been intensively investigated 
over the last decade as possible solid electrolytes for Li batteries as they have excellent 
ionic conductivity and chemical stability with lithium metal. Li6BaLa2Ta2O12 has shown 
a total ionic conductivity of   	
  at room temperature with a low grain 
boundary resistance41. Also, Li5.5La3Nb1.75In0.25O12 exhibited an improvement on ionic 
conductivity of   
  at 50 oC by substitution of Y or In at the M site in 
Li5La3M2O1242. Garnet-type Li7La3Zr2O12 (LLZO) have been actively investigated after 
first reported by Murugan et. al. in 200743. As shown in Figure 1.11, Zr is located at the 
center of an octahedron with six oxygen atoms while La is placed at the center of a 
dodecahedron with eight coordinated oxygen atoms31. Ionic conductivity of the cubic 
LLZO (
    ) is almost two orders of magnitude higher 
than that of the tetragonal LLZO44. So, stabilizing the cubic phase has been a challenge 
which may be achieved by doping techniques and heat treatment procedures. Al, Ga and 
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Ta doping for stabilization has been investigated and a relatively higher total ionic 
conductivity of    	 




Figure 1.10 Crystal structure of cubic LLZO31. 
 
The mechanisms behind ionic conduction in tetragonal and cubic LLZO were studied by 
Meier et. al. in 2014. Their research involved high temperature ab-initio molecular 
dynamics simulations, metadynamics simulations and nudged-elastic band calculations46. 
According to their research, in tetragonal LLZO, a synchronous collective motion of ions 
was observed because of the lack of available vacancies and high ordering in the Li-ion 
sublattice. On the other hand, a synchronous collective motion of ions in cubic structure 
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would end up in energetic barriers. So, in cubic LLZO, asynchronous mechanism of 
single ions that may activate collective motion of a few ions was observed. In contrast to 
tetragonal LLZO, disorder of Li-ion sublattice and large number of vacancies in cubic 
LLZO boost the chance of single ion jumps that can occur at much lower energy than that 
of a synchronous collective motion of ions46. To sum up, tetragonal LLZO has two orders 
of magnitude lower ionic conductivity than that of cubic since it has a synchronous 
collective motion mechanism which requires much higher energetic costs than single ion 
jumps do in cubic LLZO46. Figure 1.12 exhibits Li-ion positions in the simulated cell for 
tetragonal and cubic LLZO.  
 
Figure 1.11 Sites occupied by Li ions visited during 10 ps at 300 K. The more frequent 
positions marked with darker color46. 
1.1.4.4 Polymer Electrolytes 
Solid polymer electrolytes are ion conducting systems based on polymer and Li salt 
complexes. They are produced by hot pressing, lamination, solvent casting etc.12. 
Polyethylene oxide (PEO) and its copolymers have been widely investigated during the 
last decades. Li metal salt based PEO was first reported by Wright et. al. in 197347. PEO, 
as a semi-crystalline polymer, has a glass transition temperature (Tg) of -60 oC and a 
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melting point (Tm) of 65 oC. Since it has a relatively high dielectric constant ( = 8 in the 
amorphous phase), it can dissolve lithium salts12. Several Li salts have been used with 
PEO such as LiClO4, LiN(CF3SO2)2 and LiPF6. Significant theoretical and computational 
effort on understanding ion conduction in PEO and PEO-based polymers has been 
devoted so far.   The ion conduction mechanism in PEO is based on oxygen assisted 
hopping when the temperature is above its Tg where long range segmental chain motion 
is allowed12. In Figure 1.13 hopping mechanisms in PEO are depicted. 
 
Figure 1.12 Molecular dynamics (MD) analysis of Li ion transport comprised of inter-
segmental and intra-segmental hopping events in PEO. Blue circle is lithium cation and 
arrow indicates the replacement of cation after event. Orange rings indicate oxygen atoms 
existing at initial lithium ion solvation shell, purple color indicates oxygen atoms in the 
final lithium ion solvation cell48. 
 
When liquid electrolytes are replaced by solid polymers, the polymers act not only as 
electrolytes but also as separators. Since polymers exhibit very poor ionic conductivity at 
room temperature (  10-6 S.cm-1), organic plasticizers are added to the polymer to 
improve ionic conductivity. However, this causes safety concerns, mechanical instability 
and other issues related to liquid based electrolytes. Nano-sized ceramic fillers such as 
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Al2O3, TiO2 and SiO2 are added into polymer matrix to strengthen mechanical properties 
of the polymers49,50.  
1.1.4.5 Garnet/Polymer Hybrid Electrolytes 
In addition to efforts on improving ionic conductivity of garnet-type electrolytes and 
polymers separately, there is also a new trend for solid state electrolytes, so called 
composite electrolytes. Choi et. al. reported on composites comprising garnet-type 
tetragonal LLZO and polyethylene oxide (PEO) in 201551. The goal of the research was 




highly conductive amorphous phase with adding inorganic ion conductor ceramic filler 
into PEO matrix. LiClO4 was used as Li salt and dissolved in acetonitrile (ACN) solution 
before PEO is added. After the PEO electrolyte is made, different tetragonal-LLZO 
contents were incorporated into the PEO matrix. Figure 1.14 presents SEM micrograph of 
tetragonal LLZO particles. Temperature and LLZO content effect on ionic conductivity 




Figure 1.13 SEM image of tetragonal LLZO powders51. 
 
As a result, 52.5 % LLZO and 47.5 % PEO content provided the highest ionic 
conductivity of    10-4 S.cm-1 at 55 oC. Also, this loading has shown ~10-5 S.cm-1 




Figure 1.14 Ionic conductivity profiles with respect to temperature and LLZO content51. 
 




1.2 LLZBO/PEO Solid State Composite Electrolytes 
In this research, a novel solid state composite electrolyte incorporating Bi doped cubic 
LLZO (LLZBO) and polyethylene oxide (PEO) is presented as an alternative electrolyte 
in order to circumvent issues related to liquid electrolytes used in Li-ion batteries. A 
unique garnet -LLZBO- was synthesized and incorporated into PEO matrix with LiClO4 
salt. Bi doped cubic LLZO was first reported by Derek Schwanz. The formation of cubic 
phase of powders was verified by powder X-ray Diffraction method (XRD). The particle 
size of LLZBO was reduced by implementing dry and wet ball milling techniques and 
size reduction was observed by Scanning Electron Microscope (SEM). Particle size 
reduction is crucial since it is believed that fine particles have a chance to create more 
pathways for Li ions. After having very fine powders, cubic LLZBO was incorporated in 
the ball milling jar to maintain a homogenous particle distribution in the composite. 
Different cubic LLZBO loadings were examined and the optimum content that yields the 
highest ionic conductivity was identified by AC Impedance Spectroscopy. 
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CHAPTER 2.  EXPERIMENTAL PROCEDURES 
2.1 Starting Materials 
Reagents of LiNO3 (Sigma Aldrich,  99%), ZrO(NO3)2*xH2O (Sigma Aldrich, 99%), 
Bi(NO3)3*5H2O (Alfa Aesar, 98%) and La(NO3)3*6H2O (Alfa Aesar, 99.9%) were 
utilized to synthesize the nominal composition of Li7-xLa3Zr2-xBixO12. Citric acid, nitric 
acid and ethylene glycol were used during dissolution of reagents. 
High purity 100 x 42 x 18 mm yttrium stabilized zirconia combustion boats were 
obtained from MTI Corporation for high temperature calcination of ceramic precursors.  
A 100 ml yttrium stabilized zirconium oxide jar with lid and yttrium stabilized zirconium 
oxide spherical grinding media (5 mm in diameter) were purchased from Across 
International for ball milling experiments. 
LiClO4 (Sigma Aldrich, 99.99%) and polyethylene oxide (Sigma Aldrich, average Mv 
100,000 powder) were also purchased for composite manufacturing. 
2.2 Synthesis of Bismuth (Bi) Doped Cubic LLZO 
Bi doped cubic LLZO was prepared using the pechini sol-gel method44. Firstly, 
Bi(NO3)3*5H2O (Alfa Aesar, 98%) was added into 200 ml ~5 % dilute HNO3 to dissolve 
a 5 g of final product. The solution was placed onto a hot plate with a magnetic stirrer at 
70oC and 200 rpm until complete dissolution was achieved. Secondly, ZrO(NO3)2*xH2O 
(Sigma Aldrich, 99%) was grinded and added into the solution. Afterwards, LiNO
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(Sigma Aldrich,  99%), La(NO3)3*6H2O (Alfa Aesar, 99.9%) and citric acid were added 
into the solution and were stirred until all compounds dissolved completely. As a last 
step, ethylene glycol was added to the solution as a complexing agent and a citric acid to 
ethylene glycol ratio of 40:60 was used. Also, in order to incorporate all metal cations, a 
metal to organic ratio of 38:62 was adopted    	
  . 
The solution containing all ingredients was stirred at 70oC till it turned into a thick 
transparent gel after evaporation and polymerization. The gel was removed and placed 
into a vacuum oven at 120 oC for 8 hours to evaporate any remaining solvents and formed 
a polymerized brown solid. In order to determine the temperature effect on stabilization 
of the cubic phase, the polymerized complex was calcined between 550 oC and 900 oC for 
10 hours in a tube furnace (air atmosphere) comprising a zirconia tube and employing a 5 
oC/min ramp rate. The polymerized complex was grinded by using mortar and pestle 
before calcination. Calcination in an oxygen atmosphere in the tube furnace was tried and 
found to be unfavorable to obtain the cubic phase. The calcination process transforms the 
polymerized complex into a yellow-white powder containing various oxides. During the 
calcination, almost 70% of material loss was observed. Following calcination, the 
powders were examined by X-ray diffraction to determine whether the cubic phase is 
stabilized or not at a specific temperature. After determining the optimum temperature 
range, the cubic phase powders were subsequently ball milled for particle size reduction 





Figure 2.1 Brown polymerized complex before calcination (left), Bi doped cubic LLZO 
powder - final product of sol-gel pechini method (right). 
 
2.3 Particle Size Reduction via Ball-Milling 
Ball milling is a grinding process of starting materials, employed for mechanical alloying 
and particle size reduction. Figure 2.2 shows the configuration of a planetary ball mill. 
During    	
        is reduced through collisions of the 
milling balls (various-sized balls) with the material. Figure 2.3 illustrates the ball motions 
in a ball milling jar. The particle size of Bi-doped LLZO plays a critical role in composite 
electrolytes as small particles with high surface area provide more ionic pathways for 




Figure 2.2 A schematic illustration of a standard planetary ball mill with movement in 
normal and counter direction with; pot diameter dp; pot height h; revolution radius R52. 
 
Figure 2.3 Rotational speed dependent ball motion configuration in a single ball milling 
jar (a) low rpm , (b) medium rpm, (c) high rpm52. 
 
Ball milling procedure is conducted as dry ball milling and wet ball milling. Wet ball 
milling is performed with a liquid which helps particles get separated from each other, 
because dry particles tend to agglomerate in time during the operation. Dry ball milling 
itself is usually used for the particles bigger than 200 microns. If smaller particles are 
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chosen as starting materials such as sub-10 microns, there will be a need for a liquid to 
use after dry ball milling to obtain desired very fine particles even sub-micron size.  
In this step of the research, cubic LLZO powder was used as starting materials after 
grinding by mortar and pestle. At least, 0.5 g of the powder was used with a ratio of 1/40, 
powder to ball milling media. This ratio was determined after a set of experiments 
including different powder to ball milling media ratios. The ratios were fixed during dry 
and wet ball milling operations. After weight measurements of starting materials and ball 
milling media, they were put into a yttrium stabilized zirconia jar in a FRITSCH 
Pulverisette 6 Planetary Ball Mill and run for 30 min. at 400 rpm with no solution. When 
dry ball milling is complete, acetonitrile (ACN) solution was added into the jar and the 
procedure was run for the desired time duration. Dry and wet ball milling procedures 
together were conducted through various times ranging from 1 hour to 8 hours. At the 
half time of wet ball milling procedure, LiClO4 and Polyethylene Oxide (PEO) were 
added, respectively with a 10-minute difference between additions to provide time for 
mixing the Li salt in ACN with the ceramic mixture. Figure 2.4 shows the steps of ball 
milling procedure. Upon completion of the ball milling process, composite electrolytes 
were taken with a 10 ml syringe from the jar and put onto a hot plate with a 30 ml beaker 
and magnetic stirrer in it for solvent evaporation in order to yield a viscous structure for 
coating onto steel spacers and aluminum foil. The composite formation during ball 
milling process is very advantageous since ball milling does not only provide particle size 
reduction but maintains a very homogenous dispersion of ceramics into the PEO matrix. 
Figure 2.5 shows the images for comparison between composites made by ball milling 









Figure 2.5 (a) and (b) SEM images show non-homogenous dispersion of ceramics into 
polymer matrix by magnetic stirring, (c) and (d) show homogenously dispersed ceramics 
in polymer matrix by ball milling. 
 
2.4 Fabrication of Solid State Composite Electrolytes 
Two methods to fabricate composite electrolytes were investigated: first, the composite 
electrolyte was coated onto aluminum foils utilizing a thick coating machine. This 
process neither could produce a flat surface coated electrolyte nor a bubble-free surface. 
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The magnetic stirrer in a beaker was used to disperse the ceramic particles into the PEO 
matrix, however this process failed due to bubble formation. In addition, the coatings 
developed a curved surface after solvents were evaporated. Figure 2.5 illustrates the 
drawbacks of samples made with the thick coating machine. 
 
Figure 2.6 (a) Bubble generation in PEO coated on Al foils, (b) 12 mm diameter PEO 
thick film showing bubbles, (c) Non-homogenous dispersion of ceramics into PEO matrix 
and bubble generation after coating on Al foil. 
 
The second method employed a spin coating machine. This method yielded a 
homogenous dispersion of the ceramic particles and a flat composite surface. After the 
ball milling procedure, the composite electrolyte was extracted using a 10 ml syringe 
from the ball milling jar and transferred into a beaker to evaporate the solvents. The 
electrolyte was stirred at 200 rpm at room temperature till it transformed into a more 
viscous structure prior to spin coating. One of the advantages of spin coating is that it 
does not require highly viscous materials in contrast to the thick coating machine before 
casting the films. Ball milling particle size reduction and spin coating are a good solution 
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to provide homogenously dispersed, bubble-free and flat surface composites. After 
evaporating in a beaker at ambient temperature, the electrolyte was transferred using a 
syringe and coated onto 15 mm steel spacers at 2000-2500 rpm for 90 seconds. Figure 2.6 
shows spin-coated electrolytes on steel spacers. 
 
Figure 2.7 (a) Spin coating machine maintains flat and bubble-free surface. (b) Spin 
coated electrolytes on 15 mm steel spacers. 
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CHAPTER 3. RESULTS AND DISCUSSION 
3.1 Temperature Dependent Structure Evolution in Bi Doped LLZO 
After sol-gel synthesis of ceramic precursors, XRD was used to identify the crystalline 
phases in the ceramic powders. A Bruker D8 Focus X-ray diffractometer was used to 
scan between 15 and 60 degrees at a 5 o/min scan speed and 0.963 div. slit. The 
polymerized complex was calcined at various temperatures and durations in order to 
investigate the cubic phase formation. Thus, the polymerized complex was calcined in the 
temperature range 550 oC to 900 oC for 10 hours. Figure 3.1 shows the Powder 
Diffraction File (PDF) patterns for cubic and tetragonal LLZO. Based on the XRD 
measurements, Bi-doped cubic LLZO (LLZBO) was formed at 700 oC in the pure cubic 
phase in agreement with XRD studies of LLZO in the literature53. For comparison in the 
measured XRD spectra next given, the PDF spectra for the cubic structure is given at the 










Figure 3.2 XRD patterns of LLZBO precursors calcined at various temperatures. 
Impurities such as La2O3, Li2ZrO3 and La2Zr2O7 are evident in some of the spectra for 
different annealing times, temperatures, heating and cooling rates. These peaks can be 
observed in the scans between 25 and 30 degrees. Figure 3.3 shows the dramatic change 




Figure 3.3 Stabilized cubic phase at 700 oC and structure evolution dependence on 
different calcination temperatures. 
 
700 oC was found to be the optimum temperature to yield Bi doped cubic LLZO. The 
influence of calcination time on structure evolution was studied at 700 oC and the results 




Figure 3.4 The effect of calcination times on cubic LLZBO. 
 
As demonstrated in Figure 3.4, the cubic phase is stabilized even with the shortest 2-hour 
calcination time employed and there is no change in the structure in the time interval 2 
hours   12 hours. It is known that Li and Bi are both volatile elements at elevated 
temperatures, loss of both elements was observed at high temperature calcinations. Li 
loss above 1000 oC is the result of evaporation of alkali metals at elevated temperatures. 
In addition, the transition from the cubic to the tetragonal phase was observed above 720 
oC.  
3.2 Particle Size Analysis and Characterization of Materials  
Particle size reduction is crucial to establish effective ionic pathways for Li ions. 
Furthermore, reduction in ceramic particle size helps to improve the mechanical 
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properties of since a non-homogenous distribution of LLZBO results in mechanical 
stresses in the composite films. Agglomeration of ceramics in the composites would 
decrease the mechanical strength by increasing residual stresses. Ball milling of the cubic 
LLZBO was conducted for the following times; 1 hour, 2 hours, 4 hours and 8 hours. 
Changes in morphology were observed with SEM images and Energy Dispersive 
Spectroscopy (EDS): quantitative point and area scans were conducted utilizing a Philips 
XL-40 FESEM and a Nanoscience Instruments Phenom Desktop SEM, respectively. 
Figure 3.5 shows the LLZBO particles grinded utilizing a mortar and pestle before ball 
milling operation. 
 
Figure 3.5 Cubic LLZBO particles on carbon tape before ball milling process. 
 
The sample preparation for EDS spectra is important. On a rough or fractured surface, the 
direction of the emitted X-rays deviates substantially from the ideal linear detection path 
which can be obtained with a flat surface. Therefore, highly polished samples are 
preferred for quantitative analysis in this technique. Powder (rough and inhomogeneous) 
samples that were attached on a carbon tape do not provide accurate quantitative data (see 
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chemical composition difference in Fig. 3.6 and Fig. 3.7). In addition, our detector cannot 
measure Li, therefore the estimate of the elements (weight concentration) should only be 
taken as a qualitative number and it is not indicative of sample stoichiometry. However, it 
does permit one to identify the presence of impurities resulting from the sample 
preparation. The EDS measurements of the ceramic samples were taken before beginning 
of the ball milling experiments to identify the elements and impurities in the samples. 
Figure 3.6 presents EDS spectra of cubic LLZBO. 
 
Figure 3.6 EDS spectra of a cubic LLZBO sample. 
EDS spectra indicates that the sample have impurities such as C and Y, besides the garnet 
constituent elements La, Zr, Bi and O. The existence of carbon in the spectra is related to 
use of carbon tape as particle stabilizer and electron conductor before SEM imaging. 
Yttrium was detected since yttrium stabilized zirconia was used as combustion boats 
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during calcination. In addition to EDS spectrum, point scan and line scan were obtained 
from EDS. Figure 3.7 exhibits other findings of EDS. 
 
 




Palladium was detected in some samples. The reason why Pd exists in the spectra is that 
Pd and Au (gold) were used during sputtering process onto the insulator ceramic particles 
before SEM imaging in order to provide a way for the incident electron beam to cross the 
sample and to reduce charging effects.  
Before ball milling application, bigger than 200 um particles were observed in the SEM 
images. Particle size has been reduced by increasing ball milling operation time. Figure 
3.8 illustrates the samples after following ball milling (at 400 rpm) times; 1 h, 2 h, 4 h 
and 8 h. 
 





As can be seen in the SEM images, the particle size is reduced gradually with increasing 
milling time. However, the change of particle size after 2-hour ball milling is not as 
dramatic as that observed between 1-hour and 2-hour of milling. ImageJ is a public 
domain image processing program developed at the National Institutes of Health. In order 
to get quantitative particle size data after ball milling, ImageJ was used to determine 
average particle size of each milling time and particle size distribution. Figure 3.9 shows 
particle size reduction as well to get a better understanding. 
 





ImageJ has provided important data about the time effect during ball milling over particle 
size. During ImageJ operation, all particles were considered as circles. Figure 3.10 
exhibits particle size distribution (um) and average particle size of the following ball 








Figure 3.11 Particle size analysis of 4-hour and 8-hour ball-milled samples. 
 
According to the histograms shown above, average particle sizes of following ball 





Figure 3.12 Ball milling time dependent average particle size of c-LLZBO samples.  
 
This result clearly shows that ball milling can only reach ~680 nm particles in diameter in 
2 hours under the milling conditions (a powder to milling media ratio of 1/40, at 400 
rpm). Even if ball milling time is increased, it will not have any dramatic effect on 
particle size reduction utilizing the milling parameters of the experiment. After 8-hour of 
ball milling, the average particle size was measured as ~620 nm.  
Further EDS results were obtained after fabrication of the polymer composites. Figure 




Figure 3.13 EDS spectrum of a composite film. 
 
The spectra of the composite films show the existence of chlorine which originates from 
the added Li salt (LiClO4). 
3.3 Ionic Conductivity Measurements of Composite Electrolytes  
The Li ion conductivities of the composite films with various contents of Bi doped LLZO 
and PEO were evaluated by performing AC Impedance measurements. The experimental 





Figure 3.14 Experiment matrix to determine the optimum content of LiClO4, PEO and 
LLZBO. 
 
A Solartron SI 1287 Electrochemical Interphase Analyzer and a Solartron SI 1260 
Impedance/Gain-Phase Analyzer were used for AC Impedance measurements with a 
starting frequency of 1,000,000 Hz and final frequency of 0.01 Hz. Before beginning the 
impedance measurements, the rig shown in Figure 3.15 was specifically designed and 
constructed by John Hoo, a member of our research group, for AC Impedance 
measurements of our films. For the Li salt/PEO ratios of 1/7.5 and 1/15, no significant 
change in ionic conductivity was observed (see Figure 3.16). Hence, a set of experiment 
shown in Figure 3.14 was designed to clarify optimum salt, PEO and LLZBO contents. 










Figure 3.16 AC Impedance Spectra of a sample comprised of 40% PEO+LiClO4 and 60% 
LLZBO with a LiClO4/PEO rate of 1/7.5 
 
 
Figure 3.17 AC Impedance Spectra of a sample comprised of 50% PEO+LiClO4 and 50% 




Figure 3.18 The effect of salt content on ionic conductivity of a sample having a 
PEO/LLZBO ratio of 60/40.  
 
 






Figure 3.20 Particle size reduction effect on ionic conductivity of the composites. 
 
The effect of particle size reduction on ionic conductivity was investigated by measuring 
composites of those LLZBO components were milled for different times. Ball milling of 
the optimum composition of the composite for different times was conducted and the 
results presented in Figure 3.20. One observes that the ionic conductivity is increased by 
particle size reduction in a garnet/polymer solid composite electrolyte.  
3.4 Comparison of Ionic Conductivity Results with Published Data 
Choi et. al. reported on ionic conductivity measurements comprising tetragonal-
LLZO/PEO composite. An ionic conductivity value of      	
 for their 
optimum ratio (52.5% t-LLZO - 47.5% PEO) at 35o C was reported51. Their tetragonal 
LLZO powders were prepared using standard Pechini sol-gel method54. Magnetic stirring 
in a beaker was used to fabricate composites      
tetragonal LLZO and PEO composites (approximately 100 um thick) were deposited onto 
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a glass plate before AC Impedance measurements and Li salt (LiClO4) to PEO ratio was 
fixed at 1/15. Li ion conductivity of different LLZO and PEO containing composite 
electrolytes were recorded in an Swagelok-type airtight cell and the measurements were 




conductivity of Li ions is increased by temperature increase regardless of the 
composition.  
In this work, 60% cubic-LLZBO and 40% PEO with a Li salt to PEO rate of 1/7.5 was 
determined as the optimum composition since it has provided the highest ionic 
conductivity of      at 22 oC. The composite was formed in a zirconia 
ball milling jar with zirconia ball milling media instead of magnetic stirring method in a 
beaker. Also, a spin coater was utilized to fabricate composites onto steel spacers instead 
of casting them onto glass plates in the case of 	
  The highest LLZBO 
containing composite that we fabricated in our work limited the ratio of cubic LLZBO to 
60% because more than that ratio was found to compromise the mechanical properties 
and processability of the composites. Table 3.1 shows the results of ionic conductivity of 
all experiments measured thus far at 22 oC during this research. According to the results, 
an increase in LLZBO content will increase ionic conductivity up to  
  .  
55 
 




CHAPTER 4. CONCLUSION AND FUTURE WORK 
A garnet/polymer composite incorporating Bi-doped cubic LLZO and polyethylene oxide 
(PEO) was successfully fabricated for all-solid-state Li batteries.  
Bi-doped cubic LLZO was synthesized utilizing the sol-gel Pechini method. The 
optimum temperature for the calcination of precursor ceramic materials was identified as 
700 oC after calcinations at a wide range of temperature.  
Both dry and wet ball milling techniques were utilized to reduce cubic LLZBO particle 
size. Based on the experiment matrix, particle size was reduced by increasing milling 
time. However, reduction in particle size after 2-hour ball milling was not as dramatic as 
observed between 1-hour and 2-hour milling and 8-hour milling yielded an average 
particle size of ~620 nm with 5 mm milling media at 400 rpm. Ball milling was not only 
used for particle size reduction but also used for providing homogenous dispersion of 
cubic LLZBO into PEO matrixes. Comparison of two composite formation methods 
indicated that composite formation during ball milling process has advantages over 
composite formation by magnetic stirrer in a beaker as it yields a homogenously 
dispersed ceramic particles into the polymer matrix. In addition, two composite 
fabrication methods as thick film coating on Al foils and spin coating on steel spacers 
were compared. Based on the SEM micrographs, spin coating technique provided a flat 
and bubble-free surface while thick coating technique has failed. 
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To determine the highest ionic conductivity, various Li salt, PEO and LLZBO containing 
samples were prepared and their ionic conductivity was measured at ambient 
temperature. Based on the AC Impedance results, the ionic conductivity increased by 
augmenting the content of LLZBO from 40% to 60%. The optimum composition for the 
highest ionic conductivity was identifies as 60% LLZBO and 40% PEO+LiClO4 with a 
Li salt to PEO rate of 1/7.5. The highest ionic conductivity at 22 oC was recorded as 
    
	
  
Also, the composites with smaller LLZBO particle size yielded higher ionic conductivity 
by utilizing ball milling for different times. This confirms that particle size is an 
important factor as smaller particles would create more ionic pathways for Li ions by 
removing and decreasing the total amount of gaps between cubic-LLZBO particles. 
As future work, AC Impedance spectra of the optimum composition of the composite 
should get measured under different temperatures where temperature is easily controlled 
and stabilized. In addition, various contents of different Li salts and ionic conducting 
polymers should be assembled with cubic-LLZBO to see whether ionic conduction can 
be improved or not. Moreover, the effect of homogeneity of the ceramic particles 
distribution on the ionic conductivity should be investigated. Chemical compatibility of 
the optimum composition of the composite should be tested with various anode and 
cathode materials. Lastly, the optimum composition yielded the highest ionic 
conductivity at 22 oC should be assembled as a coin cell with a Li metal anode and a Ni-
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